Salmonella typhimurium is a facultative intracellular bacterium which induces systemic infection in mice. This infection is generally considered the best model of human typhoid fever. Natural resistance to S. typhimurium varies widely among mouse strains. During the first week of infection with a virulent strain, natural resistance is controlled mainly by the Ity gene, now termed Nramp (36) . This gene is expressed in macrophages and regulates the bacterial growth rate. Resistance during the first week is mediated by T-cell-independent mechanisms, i.e., production of proinflammatory cytokines, such as gamma interferon (IFN-␥), tumor necrosis factor alpha (TNF-␣), and interleukin-12 (IL-12) (23, 25, 29) , and the influx of phagocytic cells, including neutrophils (6) . Previous studies have shown that the levels of cytokine mRNA expression in the spleens of infected mice correlate more closely with the number of bacteria in the organs than with the host genotype (7, 33) . Therefore, Ity does not seem to act by regulating cytokine production.
At a later stage, resistance to S. typhimurium is mediated by a T-cell response involving essentially CD4 ϩ T cells (12, 28) . Antibodies can also participate in acquired resistance (21) . The immune response progressively clears a sublethal challenge. The rate of clearance also varies among mouse strains and is regulated, at least in part, by the H-2 complex (14, 30) .
It is generally accepted that the main role of T cells in resistance to intracellular pathogens is to produce IFN-␥, which activates macrophage bactericidal activity. T cells can exhibit either a Th1 cytokine pattern (characterized by the production of IFN-␥ and a lack of IL-4 and IL-10) or a Th2 pattern (characterized by the production of IL-4 and IL-10 and a lack of IFN-␥) (24) . IL-4 and IL-10 can deactivate macrophages and therefore have a detrimental effect on infections due to intracellular pathogens. The T-cell response against intracellular pathogens is generally of the Th1 type. In some infections (e.g., Leishmania major and Mycobacterium leprae), defective clearance of the pathogens is related to a Th2 response (11, 24, 39) . The aim of the present study was to identify a correlation between the rate of S. typhimurium clearance and the T-cell cytokine pattern in infected mice. We therefore compared the levels of mRNA expression of various cytokines in mice that were infected with an attenuated strain of S. typhimurium and that exhibited a high rate or a low rate of bacterial clearance.
MATERIALS AND METHODS
Mice. C57BL/6 and CBA mice were obtained from Iffa Credo (L'Arbresle, France). C57BL/10 (B10) and B10.G mice were provided by INSERM unit 462, Mouse Immunogenetics (Hôpital St. Louis, Paris, France). Female mice (6 to 12 weeks old) were used in all experiments.
Bacteria. S. typhimurium C5TS, a temperature-sensitive mutant derived from the virulent strain C5 (kindly provided by C. E. Hormaeche, University of Newcastle, Newcastle, England), was grown for 24 h at 30°C in tryptic soy broth. Mice were inoculated intravenously (i.v.) with 10 6 bacteria in 0.2 ml of saline. In some experiments the virulent S. typhimurium strain C5 was used. Bacteria were cultured at 37°C, and 10 3 CFU were inoculated i.v. At various times after infection, groups of three mice were killed by cervical dislocation and their spleens were aseptically removed. Half of each spleen was used for RNA extraction as described below. The other half was homogenized in 2 ml of distilled water, and serial dilutions in saline were plated on tryptic soy agar. CFU were counted after overnight incubation. Results are expressed as mean log 10 viable bacteria per spleen Ϯ standard deviation.
MAb. Hybridomas producing rat anti-CD4 (GK1.5), anti-CD8 (H35-17.2), and anti-IFN-␥ (R4-6A2) monoclonal antibodies (MAb) were kindly provided by G. Milon (Institut Pasteur, Paris, France). Hybridomas were grown in pristaneprimed Swiss nude mice, and antibodies were partially purified from ascites by 50% ammonium sulfate precipitation.
Magnetic cell sorting. Spleen cells from three mice were gently teased in cold Hanks' balanced salt solution, pooled, and washed twice in the same solution. Erythrocytes were lysed with Tris-buffered NH 4 Cl (pH 7.2). After washing, 6 ϫ 10 7 cells in 0.6 ml of phosphate-buffered saline containing 5 mM EDTA and 0.5% bovine serum albumin were incubated with appropriate dilutions of anti-CD4 or anti-CD8 MAb for 15 min. Cells were then washed three times and incubated for 15 min with anti-rat immunoglobulin G-coated magnetic microbeads (Miltenyi Biotec Gmbh, Bergisch Gladbach, Germany). Positive-and negative-cell selection was carried out by using an external magnetic source (MiniMACS; Miltenyi Biotec Gmbh) according to the manufacturer's recommendations. All procedures were carried out at 4°C. Purification usually resulted in Ն90% CD4 ϩ T cells and Ն85% CD8 ϩ T cells, as assessed by flow cytometry. CD4
Ϫ fractions contained less than 1% CD4 ϩ T cells. RT PCR. RNA from 10 6 cells was isolated by using the RNA-Quick kit (Bioprobe, Montreuil sous Bois, France), and cDNA was synthesized in a volume of 20 l, according to the protocol supplied with the cDNA kit from Boehringer Mannheim (Meylan, France) (19) . After reverse transcription, cDNA was amplified by PCR using 2.5 U of DNA Taq polymerase (Eurobio, Les Ulis, France) with deoxynucleoside triphosphates (125 M each) and 1 mM 5Ј and 3Ј primers. The primers used for amplification of actin, IFN-␥, IL-10, IL-2, and IL-4 were as described elsewhere (3, 33) . The following primers were used: for IL-12, 5Ј-GA C-CCT-GCC-CAT-TGA-ACT-GGC-3Ј and 5Ј-CAA-CGT-TGC-ATC-CTA-G GA-TCG-3Ј; and for TNF-␣, 5Ј-GCG-ACG-TGG-AAC-TGG-CAG-AAG-3Ј and 5Ј-GGT-ACA-ACC-CAT-CGG-CTG-GCA-3Ј. The PCR was performed in an automated DNA thermal cycler (Hybaid, Teddington, England). The number of cycles and the amount of cDNA used were such that increasing amounts of cDNA template yielded proportionately increasing amounts of specific PCR products. Twenty-three cycles (21 for actin) were run as follows: 45 s of denaturation at 94°C, 40 s of annealing at 48°C, and 1 min of extension at 72°C. Semiquantitative analysis of IL-2, IL-4, IL-10, IFN-␥, IL-12, TNF-␣, and actin was performed by hybridization of 32 P-labelled specific oligonucleotide probes to PCR products immobilized on nitrocellulose membranes by dot blotting as previously described (33) . The relative amounts of product were determined by measuring radioactivity with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). For each cytokine, the amounts of reverse transcriptase (RT) PCR products were normalized to the values obtained with actin, used as an internal standard in each experiment. Results are expressed as the order of increase over the mRNA level in uninfected control animals.
The DNA probes used for hybridization were a 265-bp PvuII fragment of mouse IL-12 cDNA (38) and a 360-bp fragment of mouse TNF-␣ cDNA (9) . The DNA probes for actin, IFN-␥, IL-10, IL-2, and IL-4 were as previously described (3, 33) .
Anti-IFN-␥ and anti-CD4 MAb treatment. C57BL/6 mice were infected i.v. with 10 6 CFU of S. typhimurium C5TS and were injected intraperitoneally with 500 g of anti-CD4 on days 0, 7, and 13 or with 500 g of anti-IFN-␥ on days 4, 10, and 13. Control mice were treated with the same amount of normal rat immunoglobulin G (Sigma, l'Isle d'Abeau Chesnes, France). CD4
ϩ T-cell depletion was checked by flow cytometry, as previously described (28) . The spleens of CD4-depleted mice contained less than 2% CD4 ϩ T cells. Statistical analysis. Student's unpaired t test was used to compare spleen counts among groups of mice. ) mice were inoculated i.v. with 10 6 CFU of the avirulent strain of S. typhimurium C5TS. The number of bacteria in the spleen was determined at various times postinfection. Expression of cytokine mRNA was measured by semiquantitative RT PCR as previously described (33) . Bacterial counts increased in the spleens of both mouse strains during the first week of infection. Thereafter, CBA mice cleared the bacteria from the spleen more rapidly than C57BL/6 mice ( Fig. 1) . On days 5 and 7 postinfection, significant accumulation of IL-12 mRNA occurred in the spleens of both mouse strains compared to uninfected controls (Fig. 2 ). There was no significant difference between CBA and C57BL/6 mice, and IL-12 mRNA levels in both returned to baseline after the 1st week of infection. An induction of IFN-␥ gene expression also occurred in both strains, at the same time as IL-12. However, unlike IL-12, IFN-␥ mRNA remained elevated after the 1st week of infection, and a much stronger and more persistent accumulation of IFN-␥ mRNA was found in susceptible than in resistant mice. A slight increase in IL-10 mRNA was also observed in suscep- 6 CFU of S. typhimurium C5TS. Spleens were harvested on the indicated days postinfection, and mRNA preparations were reverse transcribed and amplified by PCR with actin-, IL-12-, IFN-␥-, and IL-10-specific primers. RT PCR products were hybridized with 32 P-labelled specific probes, quantified with a PhosphorImager, and normalized to the actin values. Results are expressed as fold increases over the mRNA levels in uninfected controls (note differences in scales). Data are representative of three independent experiments using three mice at each time point.
RESULTS

Pattern
shown that acquired immunity to S. typhimurium is mainly mediated by CD4 ϩ T cells (12, 28) . To assess the contribution of T cells to IL-10 and IFN-␥ transcripts, CD4 ϩ T cells from infected C57BL/6 and CBA mice and from control mice were purified by using magnetic beads. By this technique, an enrichment resulting in Ͼ90% CD4 ϩ T cells was obtained. We found that IFN-␥ mRNA was induced in both mouse strains, in both the CD4 ϩ and CD4 Ϫ splenocyte fractions. As found with whole spleen cells, the level of IFN-␥ mRNA was higher and more sustained in C57BL/6 than in CBA mice (Fig. 3) .
In C57BL/6 mice infected with the avirulent strain C5TS, a moderate increase in IL-10 mRNA expression was found in CD4 ϩ T cells on days 5 and 7 postinfection. At that time IFN-␥ mRNA was also expressed. Therefore, during the 1st week postinfection, both IFN-␥ mRNA (a type 1 cytokine) and IL-10 mRNA (a type 2 cytokine) were produced by CD4 ϩ T cells. We have previously found strong IFN-␥ and IL-10 mRNA accumulation 5 days after infection with a virulent strain of S. typhimurium (33) . To determine whether these cytokines were also produced by CD4 ϩ T cells in this case, the spleen cells of C57BL/6 mice were harvested 5 days after infection with 10 3 CFU of S. typhimurium C5 and were fractionated on magnetic beads; cytokine mRNA expression was studied as described above. High levels of IFN-␥ and IL-10 mRNA were found in both CD4
ϩ and CD4 Ϫ cells (Fig. 4) . Therefore, simultaneous production of IFN-␥ and IL-10 by CD4 ϩ T cells was also present in mice infected with a virulent strain.
As previously found in whole spleen cells, no significant increase in TNF-␣, IL-2, or IL-4 mRNA levels was detected in either the CD4 ϩ or the CD4 Ϫ fraction during infection with S. typhimurium C5TS (data not shown).
As CD8 ϩ T cells have also been reported to play a role in resistance against S. typhimurium, we purified CD8 6 CFU of S. typhimurium C5TS. Bacterial counts in B10 and B10.G mice were similar on day 7 postinfection. At later times, B10.G mice gradually eliminated the bacteria, whereas B10 mice did not (Fig. 5) . On day 21 postinfection, the number of bacteria in B10 mice was 100-fold higher than that in B10.G mice. IFN-␥ mRNA production by CD4 ϩ T cells increased on day 7 postinfection to similar levels in B10 and B10.G mice, and it remained elevated during the 2nd week of infection. On day 21 postinfection, IFN-␥ mRNA expression was higher in CD4 ϩ T cells of B10 mice than in those of B10.G mice. Moreover, IFN-␥ mRNA levels increased 50-fold in the CD4 Ϫ fraction on days 12 and 21 postinfection in FIG. 3 . IFN-␥ and IL-10 mRNA production by CD4 ϩ and CD4 Ϫ fractions from CBA (diagonally striped bars) and C57BL/6 (solid bars) mice infected with 10 6 CFU of S. typhimurium C5TS. On the indicated days, spleen cells were fractionated by magnetic cell sorting into CD4 ϩ and CD4 Ϫ fractions. IFN-␥ and IL-10 mRNA levels were determined, as described for Fig. 2 
, in CD4
ϩ (A and B) and CD4 Ϫ (C and D) fractions. Results are expressed as fold increases over the mRNA levels in uninfected controls (note differences in scales). Data are representative of two independent experiments using three mice at each time point.
FIG. 4. IFN-␥ and IL-10 mRNA production by CD4
ϩ and CD4 Ϫ fractions from C57BL/6 mice infected with 10 3 CFU of the virulent strain C5. On day 5 postinfection, spleen cells were separated by magnetic cell sorting into CD4 ϩ and CD4
Ϫ fractions, and IFN-␥ and IL-10 mRNA were analyzed as described in the legend to Fig. 2. B10 mice, whereas little or no increase occurred in B10.G mice. Thus, in the late phase of infection, IFN-␥ mRNA expression was higher in B10 than in B10.G mice, in both the CD4 ϩ and CD4 Ϫ subsets.
Effect of treatment with anti-IFN-␥ or anti-CD4 MAb on the course of infection in C57BL/6 mice. Previous studies have shown that CD4
ϩ T cells and IFN-␥ play an important role in resistance to S. typhimurium infection in mice with a high clearance rate (25, 28, 29) . To assess the role of IFN-␥ and CD4 ϩ cells in the course of infection in mice with a low clearance rate, C57BL/6 mice were infected with 10 6 CFU of S. typhimurium C5TS and treated with anti-IFN-␥ or anti-CD4 MAb. Mice were treated with anti-IFN-␥ MAb from day 4 postinfection, i.e., 1 day before the beginning of IFN-␥ mRNA accumulation (Fig. 2) . This treatment significantly increased the numbers of bacteria in the spleen on days 13 and 21 postinfection compared to those in control mice (Table 1) ; moreover, 2 of 10 mice died. However, the number of bacteria was significantly (P Յ 0.001) lower on day 21 than on day 13. Mice treated with anti-CD4 MAb had the same bacterial load as controls on day 13 but were unable to clear bacteria at a later stage and exhibited higher bacterial counts than controls did on day 21 (Table 1) .
DISCUSSION
Previous studies have shown that CD4
ϩ T cells play a major role in acquired immunity against S. typhimurium, particularly in the late phase of infection, when bacteria are gradually cleared from the organs (28) . This was recently confirmed with knockout mice (12) . Moreover, the capacity to clear bacteria from the organs varies greatly among mouse strains and is controlled, at least in part, by the H-2 complex (14, 30), which has a well-established role in regulating the T-cell response. The aim of the present study was to compare the profiles of mRNA cytokine production in the spleens of mice with low and high rates of bacterial clearance.
IFN-␥ mRNA was produced by the various mouse strains studied, and mice with a low clearance rate showed higher and more persistent IFN-␥ mRNA expression than mice with a high clearance rate. As found in the early phase of infection (7, 33) , the levels of IFN-␥ mRNA seem to correlate with bacterial load rather than with the level of resistance. These results contrast with findings for other bacterial infections (e.g., Listeria monocytogenes, Yersinia enterocolitica, and Chlamydia trachomatis), in which IFN-␥ production is higher in resistant mice than in susceptible mice (1, 15, 40) . We found that IFN-␥ mRNA was produced by both CD4 ϩ and CD4 Ϫ cells during S. typhimurium infection. As no significant production of IFN-␥ mRNA was found in CD8 ϩ T cells, it is likely that NK cells were the major source of IFN-␥ in the CD4 Ϫ population (2). Moreover, IL-12 (but not IL-4) was induced between days 5 and 7 postinfection in mice with high and low bacterial clearance rates. IL-12 mRNA production by murine macrophages infected with Salmonella spp. has recently been reported (5) . Neutralization of IL-12 in vivo reduces resistance to salmonellae (18, 23) . It is well established that IL-12 is crucial to induce differentiation of naive CD4 ϩ cells into the type 1 phenotype (24). Taken together, our results indicate that mice with both low and high rates of bacterial clearance develop a Th1 response.
In infected C57BL/6 mice, CD4 ϩ T cells produced mRNA encoding both Th1 (IFN-␥) and Th2 (IL-10) cytokines. However, kinetic analysis showed an increase in the IL-10 mRNA level during the 1st week postinfection only, whereas IFN-␥ mRNA remained elevated in CD4 ϩ T cells until day 30. These results suggest that the coexpression of IFN-␥ and IL-10 mRNAs may reflect an intermediate stage of CD4 ϩ T-cell differentiation (Th0), before differentiation towards a Th1 response. Simultaneous production of IFN-␥ and IL-10 by CD4 ϩ T cells has been reported in mice inoculated with killed Brucella abortus (35) and in human CD4 ϩ T-cell clones primed with IL-12 (10) . A high level of coexpression of IFN-␥ and IL-10 mRNA by CD4 ϩ T cells was also present on day 5 in mice infected with a virulent strain of S. typhimurium. This suggests that early production of IFN-␥ and IL-10 is a common response of CD4 ϩ T cells during S. typhimurium infection. This early induction of IL-10 by T cells was not, however, sufficient to suppress Th1 cell differentiation in C57BL/6 mice infected with the attenuated strain. Although both resistant and susceptible mice produced high levels of IFN-␥ mRNA, no change in IL-2 gene expression was detected in either the CD4 ϩ or CD4 Ϫ fraction in infected mice. Lack of IL-2 induction during primary infection has been described for other bacterial infections, both in vivo (8, 27) and in vitro after antigenic stimulation (1, 13) (whereas a strong IFN-␥ response was induced). It has recently been demonstrated that the activation of resting naive and memory CD4 ϩ T cells by IL-12 and IFN-␥ induces the development of Th1 cells that secrete high levels of IFN-␥ and low levels of IL-2 (4). Our results are consistent with these findings.
The H-2 complex is involved in the control of bacterial clearance during the late stage of S. typhimurium infection (14, 30) . CBA and C57BL/6 mice differ in their H-2 haplotype and also in the Ity gene, which controls the growth rate of bacteria during the early stage of infection. To determine whether IFN-␥ mRNA production in infected mice is influenced by the H-2 complex, we compared B10 (H-2 b ) and B10.G (H-2 q ) congenic mice (both Ity s ). We found no difference in the level of IFN-␥ mRNA production in these mouse strains during the 1st week of infection (when spleen counts were similar in both mouse strains). At a later stage, IFN-␥ mRNA levels were higher in CD4 ϩ and CD4 Ϫ cells from B10 mice than in those from B10.G mice. As the bacterial load was much higher in the spleens of B10 mice than in those of B10.G mice at this time point, this increase in IFN-␥ mRNA production probably resulted in part from strong and sustained antigenic stimulation.
IFN-␥ is a proinflammatory cytokine which can induce macrophage activation. Early macrophage activation in C57BL/6 mice infected with S. typhimurium C5TS has been documented by their increased resistance to an L. monocytogenes challenge (31) .
It is generally accepted that the main function of T cells during infection by intracellular pathogens is to activate the microbicidal activity of macrophages by the secretion of IFN-␥. During the 2nd week of infection, IFN-␥ produced by both CD4 ϩ and CD4 Ϫ cells participated in resistance, as shown by the effect of anti-IFN-␥ treatment on bacterial load on day 13 (Table 1) . Compensatory mechanisms may explain the lack of effect of anti-CD4 MAb treatment at this stage.
During the 3rd week of infection, CD4 ϩ T cells from H-2 b mice produced even more IFN-␥ mRNA than those from mice with other haplotypes. Moreover, anti-IFN-␥ MAb treatment of C57BL/6 mice did not prevent a decrease in counts of bacteria in spleens between days 13 and 21, unlike anti-CD4 treatment. Taken together, these results suggest that CD4 ϩ T cells mediate bacterial clearance by a mechanism distinct from IFN-␥ production. Yet it has been shown that mice devoid of IFN-␥ receptors and infected with an aroA mutant of S. typhimurium succumb between days 15 and 21 (12) . This suggests that IFN-␥ may play a role in resistance beyond day 15. The difference in our results may be related to the fact that the aroA mutant is less attenuated than the C5TS strain, or, more likely, to the fact that targeted gene disruption is more efficient than MAb administration in blocking IFN-␥ activity. Consequently, a bacterial load close to the lethal threshold could be reached at the end of the 2nd week of infection, and mice would die on the following days.
It has also been shown that, in mice immunized with an attenuated strain of S. typhimurium, IFN-␥ participates in resistance to reinfection with a virulent strain in the late stage of infection (20) . The fact that IFN-␥ inhibits the growth of a virulent strain and appears to be inactive against a temperature-sensitive mutant, which replicates poorly in the host, may be related to the bacteriostatic rather than bactericidal effect of IFN-␥ (25) . Alternatively, the mechanisms involved in clearance of the primary inoculum and resistance to reinfection may be different (28) . After the 2nd week of infection, bacteria are located within foci where the process of eradication is slow. In contrast, bacteria inoculated during a secondary challenge are probably rapidly engulfed and killed by activated phagocytic cells. The notion that IFN-␥ is not involved in bacterial clearance is supported by data showing that anti-IFN-␥ treatment given after day 14 does not affect the course of infection induced by a virulent strain of S. typhimurium (26) . CD4 ϩ T cells can participate in resistance to intracellular bacteria by mechanisms other than IFN-␥ production. In particular, CD4
ϩ T cells can produce TNF-␣. However, we found a low level of TNF-␣ mRNA expression in infected mice. It has also been reported that anti-TNF-␣ treatment does not modify the clearance of S. typhimurium C5TS (22) . CD4 ϩ T cells can also activate macrophages by a direct interaction between the CD40 ligand on activated T cells and CD40 on macrophages. The impact of this mechanism of activation has been demonstrated with experimental leishmaniasis (34) . Finally, CD4
ϩ T cells can also exert class II-restricted lytic activity on infected cells, as shown in L. monocytogenes and Mycobacterium tuberculosis infections (17, 32) . In the latter infection, cytolytic CD4 ϩ T cells peaked during the phase of bacterial clearance. Lysis of infected cells is probably an important mechanism of resistance against intracellular bacteria (16) .
Treatment with anti-CD4 antibody showed that CD4 ϩ T cells from H-2 b mice participated in bacterial clearance, although they were less effective than in mice bearing other haplotypes. The difference in the rate of bacterial clearance between H-2 b and H-2 q mice may be related to differences in the T-cell repertoire or in the capacity of major histocompatibility complex class II molecules to present protective antigens. Alternatively, bacterial clearance may be controlled by other genes of the H-2 complex (e.g., class III molecules).
In conclusion, mice with a low rate of bacterial clearance exhibit a Th1 cytokine pattern and stronger IFN-␥ mRNA production by CD4 ϩ T cells than mice with a high rate of clearance. This suggests that the CD4 ϩ T cells involved in bacterial clearance act through a mechanism distinct from IFN-␥ production.
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ADDENDUM
Following the initial submission of our manuscript, we have become aware of the report by Weintraub et al. (37) showing that, during Salmonella dublin infection, serum IFN-␥ levels correlate with bacterial load rather than with the host's capacity to clear bacteria.
